Abstract: Simple, continuous wave based beat length measurement technique is proposed, using statistics of the states of polarization of stimulated Brillouin scattering amplified signals. Polarization statistics are studied analytically, numerically and experimentally.
Introduction
Polarization mode dispersion (PMD) is a significant propagation impairment which could limit the range and capacity of high rate fiber-optic communication links [1] . One of the key parameters which determine the extent of PMD in a given fiber is the beat length, which quantifies the magnitude of the local birefringence [2] . Most techniques for measurement of the beat length rely on polarization dependent optical time domain reflectometry (P-OTDR), in which back-scattered signals pass through a polarization analyzer and their temporal evolution and statistics are studied [2, 3] . Using these techniques, both the average and the local beat length can be extracted. Other proposed methods include polarization dependent optical frequency domain reflectometry [4] , and twisting of fiber sections inside a non-linear fiber loop mirror [5] . Fiber birefringence can also be quantified through its interplay with stimulated Brillouin scattering (SBS). Since one of the driving mechanisms of SBS is optical interference between the pump and signal waves [6] , it is inherently and strongly dependent on polarization. Based on this dependence, local birefringence measurements were demonstrated with a Brillouin OTDR setup [7] .
In a recent previous work [8] , we examined the output state of polarization (SOP) of SBS amplified signals in birefringent fibers. More specifically, we observed that the output SOPs corresponding to randomly polarized input signals tend to converge at a particular SOP as the pump power is increased [8] . Here, we show analytically that the residual scatter of the output SOP decreases with increasing pump power, fiber physical length and beat length. Using numerical simulations of the SBS vector propagation equation in a birefringent medium, we find that the scatter of the output SOP provides a quantitative measure of the average fiber beat length. Unlike the P-OTDR or Brillouin OTDR methods, the technique requires continuous waves only and no pulses or synchronization are necessary. The scatter of the signal SOP following SBS amplification was measured experimentally, and a good agreement with simulations was found. The analysis and results also provide further insight into the interplay of birefringence and SBS in standard fibers.
Theory
Let us denote the Jones column vectors of the signal and pump waves as
, z representing position along the fiber. We assume for simplicity that both waves are monochromatic, and that the optical frequency of the signal is downshifted from that of the pump by the Brillouin shift B ν for maximum interaction [6] . We further assume that the pump wave is sufficiently strong so that it is negligibly affected by SBS (undepleted pump regime), and neglect linear fiber losses. The fiber birefringence is represented by the Jones matrix ( ) z T . The wavelength dependence of ( ) z T is neglected since B ν is of the order of only 10 GHz and the fiber length is only a few km.
Hence we assume that the same ( ) z T governs the propagation of both pump and signal waves. Subject to the assumptions above, the differential equation of propagation for the signal wave is linear and is given by [6, 9, 10] : depends on the SBS gain, the fiber birefringence, the input SOPs of the pump and signal waves and the position z , and it is in general non-unitary. Nonetheless, using the singular value decomposition technique, it can be shown that
were U , V are unitary matrices and max G , min G are the maximum and minimum SBS signal amplitude gains, respectively. Equation (2) 
in a birefringence free fiber is the largest possible. The presence of birefringence will inevitably lower the maximum value, and raise the minimum value, of the average projection. If the fiber birefringence is sufficiently large and the fiber long enough, the pump and signal SOPs along the fiber are evenly distributed on the Poincare sphere. For that condition, is has been shown that the maximum and minimum value of ( ) ( ) . Consequently, higher pump power levels (or a longer fiber) would be required to obtain effective convergence of the amplified signal SOP, compared with that of the birefringence free fiber. The relation between the SOP convergence and the fiber beat length are quantified next through numerical simulations of Eq. (1). Figure 1 shows the scatter of the amplified signal SOP for a 2.25 km long fiber, whose average beat length B L was 40 m, at several pump power levels. As expected, the output SOPs corresponding to randomly polarized input signals converge towards a preferred polarization with increasing pump power. The scatter of the output SOP may be quantified using the following metric: 
Simulations
L . For given L and pump P , the scatter of the output signal SOP increases with fiber birefringence (shorter B L ). The scatter saturates at an asymptotic value, however, when the birefringence is strong enough to reach the conditions for ( )
at the particular length. Shorter beat lengths may still be resolved using shorter fiber spans. Reconstruction of the α curves for different sample lengths of the same fiber, therefore, could provide information regarding its average beat length. 
Experiment
As a preliminary validation of the simulations predictions, the asymptotic curve of α for long fibers was obtained experimentally. The output of a single laser source was split in two, and used to generate both pump and signal waves. The pump portion was amplified by a high power Erbium doped fiber amplifier. In the signal path, the source was downshifted in frequency by B ν using suppressed carrier modulation and subsequent filtering by a narrowband fiber Bragg grating [12] . A programmable polarization controller was used to generate different signal input SOPs. The pump and signal waves were launched into the opposite ends of a 2.25 km long fiber, and the output signal was examined by a commercial polarization analyzer. The inset in Fig. 2 (right) shows the scatter of the output signal SOPs, corresponding to 20 different input SOPs that were evenly distributed on the Poincare sphere, for a pump power of 45 mW. Convergence of the output SOP is evident. Figure 2 (right) shows a very good agreement between the measured α and the asymptotic simulated prediction ( B L ≤ 180 m). In summary, a new method for estimating the beat length in optical fibers was proposed and demonstrated both numerically and experimentally. The method, which is based on polarimetric measurements of SBS amplification, is simple and does not require pulsed sources or synchronized acquisition.
